Tobacco cells (TVicotiana tabacum) are capable of growth on ammonia as a sole nitrogen source only when succinate, malate, fumarate, citrate, a-ketoglutarate, glutamate, or pyruvate is added to the growth medium. A ratio between the molar concentrations of ammonia to succinate (as a complementary organic acid) in the growth medium of 1.5 was optimal. Succinate had no effect on the rate of uptake of ammonia from the medium into the cells although it did affect the intracellular concentration of ammonia. However, the changes were not sufficient to explain inhibition of growth as being due to ammonia toxicity. The radioactivity from '4C-succinate was incorporated into malate, glutamate, and aspartate within 2 minutes.
Plant cell cultures do not usually grow on ammonia as a sole nitrogen source unless organic acids are added to the growth medium. Gamborg (6) described the growth of soybean cultures on ammonia in a medium containing intermediates of the tricarboxylic acid cycle. Butenko (4) described the growth of sunflower and tobacco tumor tissues on ammonium succinate as the source of nitrogen. The use of ammonium succinate or ammonium citrate as nitrogen sources was also described recently by Dougall (5) , Oaks (10) , and Behrend and Mateles (2) , and can be considered to be a general technique for obtaining growth on ammonia as sole source of nitrogen.
This work was undertaken to try to clarify the role of organic acids in the utilization of ammonia by plant cell cultures.
MATERIALS AND METHODS
Growth. Tobacco cell culture (Nicotiana tabacum) was obtained from Dr. P. Filner (Michigan State University). The cultures and growth media have been described (2) . T (NO3) is a growth medium containing nitrate as sole nitrogen source. Medium T (NH4) contains ammonium succinate as the nitrogen source, and T-N is the same growth medium without any nitrogen source.
Organic acids were sterilized by filtration through a 0.22-,um Millipore filter.
Ammonia Determination. Ammonia was assayed according to Weatherburn (11) with (NH4)2SO4 as standard. For determina-H20. The suspension was heated for 5 min in boiling water, centrifuged, and the supernatant liquid was assayed for ammonia.
Determination of Succinic Acid in the Growth Medium. Ten ,uCi succinic acid (2-314C) were added to cells growing in 50 ml T (NH4) medium to give a final specific radioactivity of 0.02 ,tCi/,umol succinic acid. Samples of 10 ml were taken every 2 days. Growth (settled cell volume) was determined, and the cells were removed by centrifugation. The supernatant liquid was acidified by 1 N HCI to pH 3 and nitrogen was bubbled through the liquid for 1 min to strip out "4CO2. Aliquots were taken from each sample for paper chromatography to examine whether radioactive metabolites other than succinate were present in the growth medium. The ethanol. An aliquot of 20 ,ul was applied to filter paper (Whatman No. 1, 40 x 30 cm) for ascending paper chromatography and to cellulose plates for two-dimensional TLC.
Chromatography. The paper was developed using the following solvent: 100 ml 1-butanol, 100 ml water, 16.2 ml formic acid, and 100 bromophenol blue. The two phases were separated with a separating funnel, and the butanol phase was used for the chromatography. For the separation of amino acids, twodimensional TLC according to Heimer and Filner (8) (Fig. 1) . By changing the NH4Cl concentration in the growth medium (Table  II) , it was found that a ratio of the molar concentrations of ammonia to succinate of 1.5 is needed for optimal growth. At this optimal ratio, the intracellular concentration of ammonia is 12.3 ,mol/g cells. Lowering the relative concentration of succinate in the growth medium brought about reduction of growth and an increase in the intracellular ammonia concentration.
The optimum initial pH for growth on ammonium succinate is between 5 and 6.5. There is very little growth above or below this range of pH. The pH drops to 4.3 to 4.7 during growth. The utilization of succinate is parallel to that of ammonia and proceeds until the end of the logarithmic phase of growth (Fig. 2) . addition of succinate to NH4CI medium after 8 days.
Effect of Stepwise Addition of Ammonia during Growth. Little growth of tobacco cells took place in the absence of an organic acid in the growth medium (Table I) . There is a possibility that the lack of growth might have been due to the accumulation of ammonia inside the cells. In that case, the role of organic acids might be to bind the free intracellular ammonia and prevent a toxic effect. If this was so, then one might expect to obtain growth by adding NH4Cl stepwise to the growth medium striving for very low ammonium ion concentrations. No growth was observed during 8 days (Fig. 3) . However, the addition of 10 mM succinate to the growth medium after this period brought about the growth of the cells after a further lag period of 3 days.
Uptake of Ammonium Ion by Tobacco Cells. The rate of uptake of ammonium ion by nitrogen-starved tobacco cells is similar when the cultures were presented with 1 mm ammonium chloride or ammonium lactate which do not support growth, or ammonium succinate which does support growth (Fig. 4) . The uptake of ammonium ion began immediately after the transfer of cells to ammonia medium, and reached a maximal level after 10 hr. Thus, succinate does not appear to affect the rate of uptake of ammonium ion from the medium into the cells.
Incorporationof 54C-Succinic Acid into Cell Constituents. The incorporation of radioactivity of '4C-succinic acid into cell constituents of tobacco cells grown on ammonium succinate was examined. The radioactivity of '4C-succinic acid appeared rapidly in malic acid, aspartic acid, and glutamic acid (Fig. 5) . After 1 min, almost 50% of total radioactivity was found in malic acid. After 2 min, about 15% of radioactivity was found in aspartate and glutamate. No other significantly labeled compounds could be detected.
DISCUSSION
That organic acids permit growth of plant cells on ammonia as a nitrogen source has been shown in several cultures (2, (4) (5) (6) 10) and seems to be a general phenomenon. In most of the experiments described in this report, succinate was used as a complementary organic acid for growth since it was one of the most effective organic acids tested (Table I) . Glutamate, which is at least as effective, was not used because it can serve as a nitrogen source by itself.
We found (Fig. 4) (Fig. 4) -an intracellular concentration which still permitted good growth (Table II) when succinate was also present.
It appears that organic acids are connected directly to ammonia metabolism, since a relatively fixed molar ratio between ammonia and organic acids is needed (Table II) . This concentration ratio is preserved throughout growth, since ammonia and succinate are consumed in parallel to the growth (Fig. 2) . Moreover, the radioactivity of'4C-succinate is incorporated via malate into glutamate and aspartate. Glutamic acid is generally considered to be the first step of ammonia assimilation into the aamino group of amino acids, either by glutamic dehydrogenase (1, 7), or by glutamate synthase (5, 9 
